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1. Introduction 
Nanocrystalline (n-) materials have attracted attention because of their unique structure, in which ultrafine crystallites 
with a grain size less than 100 nm are surrounded by disordered grain boundaries. For metallic materials with ultrafine 
polycrystalline states, the most prominent and technologically important feature is the increase in strength with 
decreasing grain size (Hall-Petch effect). A strength and hardness much higher than those of the conventional 
polycrystalline (p-) counterparts were reported for n-metals [1-3]. However, the increase in strength of n-metals showed 
saturation and decreased with the further decrease in grain size to less than ~20 nm (inverse Hall-Petch effect) [4]. The 
inverse Hall-Petch effect was attributed to sliding or shear deformation at the grain boundaries [5, 6]. The increased 
volume fraction of the grain boundaries also affected other physical properties of n-metals; for example, higher 
electrical resistivity than that of p-metals was reported [7, 8]. These observations suggest that the behavior of the grain 
boundaries play an important role on the characteristic properties of n-metals.  
For p-metals, the atoms at the grain boundaries are not fully random like the amorphous state and a periodic 
arrangement of structural units was reported for the grain boundaries with low  indexes from the scanning 
transmission electron microscopy (STEM) observations[9, 10]. From the simulations of p-metals, the first-order 
transition of order-disorder in the grain boundaries below melting point [11] and the reversible structural transformation 
in Cu 5(310) grain boundary [12] were reported. Further, dynamics similar to those of glass-forming liquids was 
suggested for the grain boundaries in p-metals[13]. For n-materials, the liquid-like state of grain boundaries was 
reported for n-Si and n-metals from the molecular dynamics simulations [14-16]. Recently, the grass transition of grain 
boundaries was suggested from the confocal optical microscope observation of colloidal crystals with the diameter of 
600 nm[17]. However, no experimental results have been reported to support the amorphous state or glass-like 
characters of the grain boundaries in metals. 
For n-Au in the as-prepared state, we reported that the internal friction showed an anomalous large increase above 
200 K (𝑄>200𝐾
−1 ) [18]. It was found that 𝑄>200𝐾
−1  was repeatedly observed for cooling and warming below 350 K but the 
amount decreased with grain growth after heating above 350 K. These observations suggested that some anelastic 
process of grain boundaries was thermally activated above ~200 K in n-Au[19]. In our previous study, an endothermic 
tendency of n-Au compared with p-Au was observed above ~200 K [20] and it disappeared after grain growth. Further, 
the strongly preferred orientation of the crystallites in n-Au turned to random orientations but no grain growth was 
observed after plastic creep deformation at room temperature [21]. On the other hand, it was suggested that the plastic 
creep deformation of n-Au at liquid nitrogen temperature was governed by dislocation motions or twin formation [20]. 
These results indicate that the grain boundaries of n-Au become anelastic or viscoelastic above ~200 K, like the metallic 
glasses near or above the glass transition temperature. The viscoelastic state appears to be quasi-stable because no grain 
growth occurs during the plastic deformation. If 𝑄>200𝐾
−1  reflects a state change of the grain boundaries from ideal 
elastic to anelastic or viscoelastic, corresponding variations are expected for other physical properties.  
This thesis focuses on the temperature changes in the thermal properties and electrical resistivity of n-Au and n-Ag, 
and the results were compared with those of anelasticity in order to survey the state of the grain boundaries below room 
temperature. The high-purity and fully-dense n-metals were prepared by the gas-deposition method. It was reported that 
two types of n-metals with slightly different textures and the thermal stabilities were prepared by the gas-deposition 
method. The properties of the grain boundaries strongly depend on the configuration of adjacent crystallites and the 
microscopic properties of n-metals are varied by the space layout how the grain boundaries with different states are 
configured. The difference in the space layouts between these two types of specimens are also discussed from the 
texture and macroscopic properties. 
 
2. Experimental 
High quality and fully dense n-Au and n-Ag specimens were prepared by the gas deposition (GD) method [18]. In 
this method, ultrafine particles formed by the inert-gas condensation process were directly deposited on a substrate by 
using a He gas jet flow. The purity of He was maintained above 99.9999% by a purification system in order to obtain 
contamination-free and fully dense specimens. Ribbon-like specimens of with a length, width, and thickness of ~23 mm, 
1 mm, and 0.05 mm, respectively, were deposited on the glass substrate. The substrate was cooled by a cold finger 
connected to a liquid nitrogen reservoir. The deposition rate (deposited thickness per unit area and unit time) was 
controlled by the the melt temperature; the increase in the temperature results in the increase of vapor pressure and 
hence the larger deposition rate. The melt temperature was measured by a pyrometer and the substrate temperature was 
by a thermocouple. After the preparation, the deposited ribbons were carefully removed from the substrate and were 
stored at liquid nitrogen temperature. Some of n-Au specimens were stored in a refrigerator at 260 K. 
The density of the specimens was evaluated using the Archimedes method with high-purity ethanol. The lattice 
parameter and mean grain size were determined by X-ray diffraction measurements with Cu-K radiation (X'Pert PRO 
(PANalytical), 45 kV and 40 mA). Nelson-Riley analysis [22] was applied for diffraction peaks to evaluate the lattice 
parameter. The mean grain size and microstrain were evaluated from the broadening of diffraction peaks by using 
Halder-Wagner plots [23]. The internal friction and resonant frequency were measured by using the electrostatically 
excited flexural resonant vibration of a reed specimen. Differential scanning calorimetry (DSC) was conducted by 
X-DSC7000 (Seiko Instruments Inc.) for a specimen of ~5 mg at a heating rate of 20 K/min in the temperature range 
between 140 and 300 K. The electrical resistivity was measured by the four-probe method in the temperature range 
between 80 and 300 K. The low temperature change of lattice parameter was measured by low temperature XRD 
(BL-8A, KEK PF). 
 
3. Results (characteristic properties at low temperature) 
 
3.1 Texture  
It was reported that in the gas-deposition method, two types of n-Au were prepared by controlling the deposition rate 
and named as type-L and type-H prepared at lower and higher deposition rate[24]. In the present study, for n-Au, type-H 
and type-L were fabricated at the deposition rate of >300 nm/s and <300 nm/s, respectively. For n-Ag, type-H and 
type-L were fabricated at the deposition rate of >400 nm/s and <200 nm/s, respectively. It was reported that type-L 
showed the stronger (111) preferred orientation than type-H where almost all the crystallites align as the (111) planes 
are parallel to the ribbon surface whereas type-H also showed the (111) preferred orientation but the extent was not so 
much as type-L. Such preferred orientation was observed in both n-Au and n-Ag. The thermal stability of type-L was 
higher than that of type-H, For n-Au, the grain growth started above 400 K for type-L and above 350 K for type-H, 
respectively[25]. Further, the (111) preferred orientation of type-L was maintained after the grain growth by annealing, 
in contrast, type-H turned to the (100) preferred orientation by the grain growth.  
 
3.2 Anelasticity measurements 
As already mentioned, 𝑄>200𝐾
−1  was observed and the resonant frequency showed a rapider decrease above ~200 K for 
G1L. The same temperature dependences in f and Q−
1
 were observed for the repetition of the measurements from 30 to 
300 K. Since 𝑄>200𝐾
−1  became small after the grain growth by annealing, 𝑄>200𝐾
−1 was attributed to an anelastic process 
activated in the grain boundaries. For n-Ag, 𝑄>200𝐾
−1  and the corresponding decrease in the resonant frequency were 
observed similarly to n-Au but the onset temperatures appeared to be slightly lower than n-Au. The probable atomistic 
process of anelastic relaxation in the grain boundaries is governed by reversible local site exchanges of atoms[26]. In 
the first approximation, we refer the activation energy of the grain boundary diffusion in p-metals as the activation 
energy of the anelastic relaxation in the grain boundaries. The activation energy of grain boundary diffusion for p-Ag 
slightly lower than that of p-Au [27] and it is compatible with the lower onset temperature of the linear increase in the 
internal friction of n-Ag. It is noted that 𝑄>200𝐾
−1  was commonly reported for other FCC n-metals such as n-Cu[26], 
n-Al [28], and n-Ag [29]. 
 
3.3 Thermal properties 
 As mentioned in section 3.2, the observation of 𝑄>200𝐾
−1  indicates that certain atomic motions are thermally activated 
in the grain boundaries above ~200 K. Our previous and preliminary thermal measurements suggested that the heat 
capacity of n-Au increased above ~200 K [20]. We conducted more precious thermal measurements in order to survey 
the change in the heat capacity and the relationship with 𝑄>200𝐾
−1 . The heat flow of n-Au in the as-prepared state became 
endothermic above ~170 K compared with that of n-Au after heating to 723 K. It is known that thermally stable 
amorphous alloys showed a step-like increase in the heat flow curve (the discontinuous increment of the heat capacity) 
[30] and a rapid increase in anelasticity [31] at the glass transition temperature during heating. 
 
3.4 Electrical resistivity 
The electrical resistivity of p-metal increased linearly with the temperature between 90 and 300 K. In contrast, the 
electrical resistivity of both n-Au and n-Ag showed a linear increase with temperature at around 100 K but a slight 
downward deviation from the linear increase with increasing temperature above ~130 K. The deviation from the linear 
increase became obvious above ~160 K for n-Au and above ~ 130 K for n-Ag, respectively. Further, by annealing the 
sample for grain growth, the decrease in the electrical resistivity was observed. It was due to the decrease in the volume 
fraction of grain boundaries. However, the deviation from the linear temperature increase was still remained. 
 
4. Discussion 
4.1 Glass-transition-like behavior in grain boundary 
 For n-Au, the rapid increase of internal friction was observed above ~200 K (𝑄>200𝐾
−1 ) and the onset temperature 
appeared to be ~170 K. The endothermic heat flow of n-Au compared with p-Au was observed above ~170 K. The 
electrical resistivity showed the increase with temperature but the slight deviation from the linear temperature increase 
was observed above ~150 K. It is noted that as well as 𝑄>200𝐾
−1 , these changes were similarly observed for the repetition 
of the cool-down and warm-up procedure below 300 K. The amounts of these characteristic changes were decreased 
after the grain growth by annealing. It indicates that the behavior of grain boundaries is thermally modified at 150-170 
K. For n-Ag, the similar changes in the anelasticity and the electrical resistivity were observed. 
The atoms at the grain boundaries are randomly distributed and there is no long-range order. The typical solids without 
the long-range order of the atoms are amorphous materials. The thermally stable amorphous alloys are often called 
metallic glasses. The metallic glasses showed a step-like increase in the specific heat [30] and a rapid increase in 
anelasticity [31] at the glass transition temperature, where amorphous alloys transform from an elastic solid to a 
supercooled viscoelastic liquid state. Although the temperature range observed in n-Au and n-Ag is much lower than in 
the metallic glasses, the temperature changes are quantitatively similar to those of the metallic glasses around the glass 
transition. As already mentioned, the glass-transition-like behavior of the grain boundaries was suggested from the 
computer simulations of p-metal [13], n-metal [16]. Not for the metals but for the colloidal crystals, the grass transition 
of grain boundaries was reported from the confocal optical microscope observation [17].  
 It was reported that n-Au showed a creep deformation above 200 K under the applied stress of 80 MPa but no plastic 
deformation at 80 K under a few 100 MPa of stress [32]. This plastic deformation behavior is in good agreement with 
the picture that the grain boundaries of n-Au are ideal elastic solids below ~130 K and the anelastic or viscoelastic 
nature becomes thermally activated above ~130 K [20]. We surmise that these characteristic changes reflect the 
glass-transition-like behavior of the grain boundaries in FCC n-metals.  
 
4.2 Effect of deposition rate on texture and grain boundary state 
As mentioned in 3.1, two types of n-metal specimens with different textures and thermal stabilities are prepared by 
controlling the deposition rate in the gas deposition method. It was reported that type-H n-Au showed the higher 
internal friction [33] and lower thermal stability [25] compared with type-L n-Au. The grain growth of type-H n-Au 
started at ~350 K and that of type-L n-Au at ~400K. After grain growth by annealing, the strong (111) preferred 
orientation of type-L n-Au remained but the (111) preferred orientation of type-H n-Au turned to the (200) orientation 
[20]. These results indicated that the grain boundary states of type-H n-Au are not the same to those of type-L n-Au. 
The similar differences in the thermal stability and the change in the preferred orientation by grain growth were 
observed between type-L n-Ag and type-H n-Ag. It is noted that type-H n-Ag is thermally unstable and shows the grain 
growth even at room temperature. The lower internal friction of type-H n-Ag compared with type-L n-Ag is attributed 
to the grain growth and relaxation proceeded even at room temperature. For electrical resistivity, type-L is larger than 
that of type-H for both n-Au and n-Ag.  
It is expected that the grain boundaries in more disordered states are thermally unstable and extensively scattered the 
electrons. The electrical resistivity of type-L is higher than that of type-H in spite that the nanocrystalline structure of 
type-L is thermally more stable than that of type-H.  
The stability or energy of the grain boundary strongly depend on the geometry such as the misorientation angle and 
relative shift along the translational periodicity etc.[34], [35]. Both n-Au and n-Ag showed the strong preferred <111> 
texture but the degree is somewhat different between type-L and type-H. The differences in the thermal stability and the 
preferred orientations after grain growth indicate that the thermally stable and unstable grain boundaries are differently 
configured between type-L and type-H. The quite strong (111) preferred orientation and the high thermal stability of 
type-L suggest that the grain boundaries parallel to the specimen surface are such the energetically stable boundaries. In 
contrast, the grain boundaries between the <111> direction-normally-aligned crystallites are considerably disordered 
and strained in order to achieve the quite strong (111) preferred orientation. On the other hand, the (111) preferred 
orientation of type-H is not so strong like type-L and the crystallites of which the crystallographic directions normal to 
the specimen surface are other than the <111> directions are contained. It is expected that the geometrical distribution of 
the stable and unstable grain boundaries is different between type-L and type-H.  
 
4.3 Effect of deposition rate on crystallite state  
 It was reported that at room temperature, the lattice parameter of n-Pd fabricated by inert-gas condensation and 
compaction (IGCC) method [36] was smaller than that of p-Pd and the amount increased with the decrease in the mean 
grain size. It was attributed to the lattice contraction induced by the grain boundary tension. The similar lattice 
contraction was also reported for other n-metals, for example, a/a0 = −0.01% for ball-milled (BM) n-Ni, n-Cu[37], 
and n-W[38]. The lattice contraction much beyond −0.01% was observed for some n-Au and n-Ag specimens. In the 
case of p-metals, the decreases in lattice parameter by vacancies were reported for quenched p-Pt and p-Au [39]. In our 
previous study, the lattice contraction of n-Au with ~0.05% was attributed to the high vacancy concentration of ~0.1% 
in the as-prepared state[24].  
 As mentioned in 4.1 and 4.2, the grain boundaries of n-Au and n-Ag show the glass-transition-like state change 
below room temperature and the distribution of the grain boundaries is different between type-L and type-H specimens.  
These observations may indicate that the crystallite state also shows some characteristic temperature change below 
room temperature and is varied by the deposition rate. 
However, it is noted that no obvious transitional changes were observed for the lattice parameter at around the 
temperature range where the grain boundaries showed the grass-transitional-like behavior. The different temperature 
changes in lattice parameter observed between type-H and type-L indicate that the crystalline state is also affected by 
the deposition rate as well as the grain boundaries. However, the details have not been clarified yet.  
 
5. Conclusion 
Fully dense and high purity n-Au and n-Ag were prepared by the gas-deposition method where the nanoparticles 
prepared by the inert-gas deposition method were directly deposited on the substrate by using a gas jet flow. A transition 
from elastic state to anelastic state in grain boundaries of n-Au and n-Ag below room temperature was suggested from 
the characteristic temperature changes in the anelasticity, electrical resistivity and thermal property. These characteristic 
temperature changes of n-Au and n-Ag are qualitatively similar to those of metallic glasses at the glass transition 
temperature. The glass-transition-like behavior of the grain boundaries was reported from the computer simulations of 
p-metal and n-metal. The grass transition of grain boundaries was reported from the confocal optical microscope 
observation of the colloidal crystals. The glass-transition-like change in the grain boundaries of n-metals has been 
experimentally suggested by the present study.  
 Two types of n-Au and n-Ag with different texture and properties, type-L and type-H, were fabricated by controlling 
the deposition rate of the nanoparticles. The different distributions of grain boundaries were proposed for type-L and 
type-H to explain the different texture and properties. The different distributions appeared to be induced during the 
relaxation process at the deposition. 
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